Background--Hypertension may be associated with renal cellular injury. Cells in distress release extracellular vesicles (EVs), and their numbers in urine may reflect renal injury. Cellular senescence, an irreversible growth arrest in response to a noxious milieu, is characterized by release of proinflammatory cytokines. We hypothesized that EVs released by senescent nephron cells can be identified in urine of patients with hypertension.
H ypertension is often associated with chronic kidney disease and constitutes an independent predictor of chronic kidney disease progression, 1 particularly in patients with preexisting renal disease. Glomerular and vascular stretching, compounded by activation of the renin-angiotensin-aldosterone system, may cause arteriolosclerosis, inadequate renal blood flow, tubular atrophy, interstitial fibrosis, and glomerular alterations. Renal artery stenosis is a common cause of renovascular hypertension (RVH) and, most frequently, induced by atherosclerosis. A fall in renal blood flow elicits hemodynamic and humoral responses in the poststenotic kidney, including activation of renin-angiotensinaldosterone system and tissue hypoxia, which are associated with cell death and recruitment of inflammatory mechanisms. 2 Cellular senescence is an irreversible growth arrest that occurs in response to exposure to potentially oncogenic and other noxious stimuli and has been frequently linked to aging. 3 The cyclin-dependent kinase (Cdk) inhibitor, p16 Ink4a (p16), is a key mediator of cellular senescence and aging and has been shown to be upregulated in several diseases involving senescence. [4] [5] [6] Senescent cells also develop senescence-associated secretory phenotype (SASP), a secretome characterized by release of proinflammatory cytokines, including interleukin (IL)-6, monocyte chemoattractant protein (MCP)-1, and plasminogen activator inhibitor-1, which may exert detrimental effects on nearby cells. For example, SASP of senescent endothelial cells may foster vascular calcifications, whereas senescent osteoblasts promote development of osteoporosis and arthritis. 3 Cellular senescence has also been implicated in development of renal disease 7 and may contribute to development of renal injury in hypertension secondary to barotrauma, activation of renin-angiotensin-aldosterone system, 8 or other humoral mediators. In addition, renal ischemia distal to renal artery stenosis triggers inflammatory and prooxidant mechanisms and might also lead to cellular senescence and progression to chronic injury. 7 However, the identity or tubular location of cells undergoing senescence along the nephron have not been elucidated. Extracellular vesicles (EVs) are released into body fluids by most cell types, especially under stress conditions, 9 and are characterized by their protein, DNA, and RNA content, as well as by cell-surface markers specific to their cells of origin.
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Previous studies have shown that renal injury, such as that incurred in preeclampsia 11 or polycystic kidney disease, 12 is reflected in increased numbers of urinary exosomes bearing specific markers. However, whether urinary levels of EVs reflecting renal cellular senescence are elevated in human subjects with hypertension remains unknown. The aim of the present study was to evaluate and characterize renal cellular senescence-related EVs in urine of patients with hypertension and relatively preserved renal function, specifically RVH compared with essential hypertension (EH). We tested the hypothesis that the numbers of urinary p16 + EVs would be elevated in hypertensive patients, in association with markers indicating their cellular source along the nephron, which might differ between hypertensive versus ischemic kidney injury.
Methods
The data that support the findings of this study are available from the first author or corresponding author upon reasonable request.
Patient Population
Healthy volunteers (HVs) and patients with EH or RVH (n=14 each) were prospectively enrolled after a written consent was obtained and approval by the Institutional Review Board of the Mayo Clinic. The 3 groups had similar mean age, sex, and body mass index, as shown in Table 1 . Inclusion criteria for hypertensive patients included blood pressure ≥140/ 90 mm Hg, previous diagnosis of hypertension, and/or current use of antihypertensive medications. In patients with RVH, presence of a stenosis was confirmed by Doppler ultrasound (blood velocity, >300 cm/s) and quantitative computed tomography angiographic measurements (>60% vessel occlusion). 2 A total of 8 RVH patients had bilateral disease. In these patients, the kidney with the more-severe stenosis was studied. Exclusion criteria included serum creatinine >2.5 mg/dL, severe hypertension (systolic blood pressure, >180 mm Hg), diabetes mellitus requiring medications, recent cardiovascular event (myocardial infarction, stroke, or congestive heart failure within 6 months), pregnancy, and kidney transplant. HVs enrolled had office blood pressure ≤130/80 mm Hg (arguing against white-coat hypertension), no history of hypertension or cardiovascular disease, and no antihypertensive or lipid-lowering drug treatment. 13, 14 EH and RVH patients participated in a 3-day inpatient protocol carried out in the clinical research unit on 2 occasions (3 months apart), as previously described, 15 where dietary sodium intake was maintained at 150 mEq/day. EH and RVH patients were all treated with antihypertensive therapy (diuretics, angiotensin-converting enzyme inhibitors, or angiotensin receptor blockers at usual recommended daily dose). 13 On the first study day, measures of clinical and laboratory parameters were collected, including demographics, arterial pressure (average of 3 measurements), serum creatinine, proteinuria, and lipid profile. Estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. Urine was collected over a 24-hour period.
On day 2, renal oxygenation was assessed by blood oxygen level-dependent magnetic resonance imaging on a 3.0 Tesla system (Twin Speed Signa EXCITE; GE Medical Systems, Waukesha, WI). Intrarenal hypoxia was expressed as R2*, an
Clinical Perspective
What Is New?
• Analysis of urinary extracellular vesicles as an index of tissue or organ pathology is a novel, noninvasive, clinically applicable technique.
• Our work showed that urinary extracellular vesicles from patients with hypertension express markers of cellular senescence.
What Are the Clinical Implications?
• Increased numbers of p16 + extracellular vesicles in the urine of hypertensive patients may reflect cellular processes and serve as an early marker of cellular senescence along the nephron.
• Early detection of cellular senescence may help guide disease management and monitor success of therapy.
• Further studies are needed to elucidate the mechanisms by which the extent of cellular senescence changes in the different segments of the nephron and its implications for renal outcomes.
index of blood and tissue deoxyhemoglobin concentration, and fractional renal hypoxia (which reflects mostly the medulla) as the percentage of kidney voxels with R2* values >30/s. 15,16 R2* was measured in the stenotic kidney of RVH and 1 (randomly selected) kidney of EH and HV.
On the third day of the inpatient protocol, the common femoral vein was cannulated with a 6F sheath and blood samples drawn from the right and left renal veins (RVs) with a 5F pigtail Cobra catheter (Cook, Bloomington, IN) for venous levels of cytokines, neutrophil gelatinase-associated lipocalin (NGAL) and plasma renin activity. 17 
Humoral Measurements
Levels of the inflammatory cytokines, soluble vascular cell adhesion molecule-1, interferon-c, IL-6, and tumor necrosis factor (TNF)-a, MCP1, soluble E-selectin, and the antiinflammatory cytokine, IL-10, were measured on samples obtained from the right and left RV of all hypertensive patients by Luminex (Millipore, Burlington, MA). 14, 18 In HVs, antecubital blood samples were collected.
NGAL (ng/mL) was tested by ELISA, according to the manufacturer's protocol (Cat# KIT 036; BioPorto Diagnostics, Hellerup, Denmark), in 10 lL of RV, inferior vena cava plasma, and urine samples diluted 1:500. Final volumes of 100 lL were used for assay. Urinary kidney injury molecule-1 (KIM-1) levels were evaluated by ELISA using a commercially available kit (Cat# DKM100; R&D Systems, Minneapolis, MN). Urinary NGAL and KIM-1 were expressed as nanogram/milligram of urinary creatinine.
14 Serum creatinine, eGFR, total proteins, low-density lipoprotein, high-density lipoprotein, total cholesterol, and triglyceride levels were determined by standard procedures.
14 Urine samples were collected for 24 hours in all hypertensive patients, whereas spot urine samples were obtained from HVs. Samples were stored at À80°C until measurement. 13 
EV Isolation and Characterization
EVs were isolated from whole urine using Total Exosome Isolation reagent (Invitrogen, Waltham, MA), following the Gating strategy for analysis of extracellular vesicles (EVs). Samples were marked with tag-it-violet (TIV) to identify EVs. Anti-MCP1, p16, uromodulin, podocalyxin, prominin-2, and URAT-1 antibodies were added together. Gates were selected starting from the TIV + population, after running a sample of unlabeled vesicles and compared with a single-stained sample for each antibody. Imaging flow cytometry corroborated the gateways made by observing the running events. BF indicates bright field; MCP1, monocyte chemoattractant protein-1; SSC, side scatter; URAT-1, urate transporter 1.
Statistical Analysis
Statistical analysis was performed using the JMP Pro software package (version 13.0; SAS Institute Inc, Cary, NC). Results are expressed as meanAESD for normally distributed data and as median (range) for data not showing normal distribution. Normally distributed data were first compared using ANOVA, with Turkey's post-hoc test. Non-normally distributed data were compared using nonparametric tests (Wilcoxon and Kruskal-Wallis) with the Stell-Dawss post-hoc test. Spearman's correlation and simple linear regression analysis were used for comparisons of EV data, clinical data, and magnetic resonance imaging. Significance was accepted at P<0.05. Table 1 summarizes the clinical, laboratory, and demographic data of the study participants. No significant differences were found among the groups in age, sex, body mass index, or creatinine levels, although eGFR was lower in RVH compared with HVs. Systolic blood pressure was higher in both groups compared with HVs (both P<0.008), but diastolic and mean blood pressure, cholesterol fractions, and urine protein levels did not differ among groups. Renal tissue oxygenation indices fractional renal hypoxia (%R2* >30/s) and cortical R2* were higher in the stenotic kidney of RVH compared with the EH kidney (P<0.008 and <0.005, respectively).
Results

Markers of Senescence in EV Derived From Different Cells Along the Nephron
No differences were found in overall percentage of urinary EVs out of all events among groups ( Table 2 ).
Relationship of Urinary EVs With Cytokine Levels
Levels of the inflammatory cytokines, soluble vascular cell adhesion molecule-1, interferon-c, IL-6, TNF-a, MCP1, and soluble E-selectin, were elevated in the stenotic kidney RVH-RV compare with EH-RV and with systemic HV plasma, whereas anti-inflammatory cytokine IL-10 levels were lower ( Table 3) . The percentage of p16 + urinary EVs correlated inversely with eGFR (Figure 2A ), but directly with levels of soluble vascular cell adhesion molecule-1 ( Figure 2B ) and MCP1 ( Figure 2C ) in the stenotic RV. No correlation was observed with levels of interferon-c/TNF-a, soluble E-selectin, IL-6, or IL-10 levels, with blood pressure or renal hypoxia. Only MCP1 and IL-6 were also correlated with the number of p16 + EVs when RVH patients were considered alone (R 2 =0.35, P=0.027
and R 2 =0.41, P=0.013, respectively) and only MCP1 when both hypertensive groups were considered together (R 2 =0.14, P=0.0487 and R 2 =0.12, P=0.071, respectively).
Discussion
This study shows that EVs bearing markers of cellular senescence are released from renal cells, detectable in urine, and correlate with renal dysfunction and renal venous plasma levels of cytokines in hypertensive human subjects. Specifically, levels of urinary EVs bearing proximal and distal tubular cell markers are elevated in EH, whereas uromodulin + EVs from the ascending limb of Henle's loop are elevated only in patients with RVH. This observation suggests that hypertension elicits an increase in release from renal cells of urinary p16 + EVs, which might reflect increased cellular senescence in specific tubular segments. Senescence is a potent mechanism to curtail malignancies by permanently withdrawing from the cell cycle, but has also been implicated as a driver of aging and agerelated disease. 25 Senescent cells may develop SASP, which involves increased expression and release of proinflammatory cytokines, like MCP1 and TNF-a, that impact nearby cells. 25 Therefore, besides the canonical index p16, elevated MCP1 expression may serve as a marker of consolidated cellular senescence. 5, 6 In RVH, low perfusion in ischemic kidneys results in development of renal hypoxia 26 and damage to proximal and outer medullary tubular cells. 27 In turn, development of RVH and an increase in glomerular pressure may potentially cause glomerular and tubulo-interstitial damage in the contralateral kidney, similar to barotrauma that might be caused by EH. 2 For example, early hypertension induced by deoxycorticosterone acetate-salt feeding elicits in rats proximal and distal tubular atrophy and dilation, which correlates spatially with cellular senescence. 8 Conversely, tubular damage might contribute to development of hypertension through alterations in renal sodium reabsorption. 28, 29 Therefore, subtle kidney damage in EH and RVH may reflect an increase in senescent cells in specific locations within the kidney 30 and, in turn, release of p16 + urinary EVs carrying cellular signatures. Urinary EVs have been identified in urine 20, 31 and characterized by flow cytometry, 32 but few markers of cellular senescence are available for detection by flow cytometry. Previous studies have shown that EVs carrying tubular cell signatures can distinguish aging or stone-forming kidneys. 20, 33 The cell-cycle regulator, p16, is a pivotal mediator and marker of cellular senescence. Whereas cellular p16 is an intracellular protein, many EV membrane proteins are present in a topologically reversed orientation attributed to the unique "inside-out" topology of EVs and can therefore be identified on their surface. 34 Previous studies have shown that EVs obtained using the same kit are mostly between 30 and 100 nm in size and express tumor susceptibility 101 (TSG101) and CD9 proteins that characterize exosomes, supporting their consideration as exosomes. 35, 36 In this study, the overall number of urinary EVs was similar among groups, yet the number of p16 + EVs was higher in both hypertensive groups compared with HVs, which might reflect increased renal cellular senescence. The functional significance of this observation is underscored by the finding that the percentage of EVs p16 + found in the urine correlated inversely with eGFR. Hence, renal damage associates with lower renal function and a greater proportion of cells in senescence that, in turn, release EVs carrying the senescence marker, p16.
In concordance with the increased inflammation and senescence in the stenotic kidney, levels of SASP and inflammatory cytokines were elevated in RVH-RV compared with EH-RV and with systemic HV plasma, whereas the antiinflammatory cytokine, IL-10, was downregulated, as previously shown. 14, 37 Furthermore, p16 + EV levels in hypertensive patients correlated directly with RV levels of soluble vascular cell adhesion molecule-1 and MCP1. These findings are consistent with the speculation that p16 + EV levels in urine are linked to kidney damage in hypertensive patients and underscore the inflammation. Notably, the lack of correlation of p16 + EVs with other cytokines and SASP mediators might be attributable to marked cytokine release by sources other than senescent cells, such as inflammatory cells. Interestingly, blood pressure levels were not elevated in RVH-RV compared with EH-RV, suggesting that inflammatory cytokines may not predominantly regulate blood pressure in RVH. An increase in podocyte-specific EVs is viewed as a marker of direct glomerular injury. 38 We have also previously shown that RVH patients show elevated levels of urinary podocytederived EVs compared with patients with EH. 19 However, no differences were observed among the groups in levels of p16 + /podocalyxin + or p16 + /podocalyxin + /MCP-1 + EVs in this study. These findings argue against significant podocyte senescence or shedding of senescent-podocyte EVs associated with glomerular damage in these patients with relatively preserved renal function. Our study suggests that in hypertensive patients, p16 + EVs originate from the proximal convoluted tubule, because they were also positive for URAT-1. This member of the organic anion transporter family is an anion-exchanging uptake transporter localized to the apical (brush border) membrane of renal proximal tubular cells. 39 The similar increase in p16 + / HVs, which might suggest some distal tubular cell senescence in these patients. However, we cannot rule out the possibility that in patients with RVH, dilution of the EVs by the stenotic kidney urine reduced our ability to identify distal tubular alterations in the contralateral kidney, which is exposed to RVH.
Limitations
This study was limited by its small size consequent to limited sample availability. Nonsenescent inflammatory cells may also express p16 transiently. 42 Yet, coexpression of tubular markers on these EVs is consistent with tubular cell origin, although whether they contribute to, or result from, the pathophysiology of hypertensive kidney injury could not be determined. Urinary EVs are considered to derive from every epithelial cell cells facing the urinary space. 43 Nevertheless, URAT-1 is also expressed (albeit at lower levels) in other organs, podocalyxin in some vascular endothelium cells' surface, and prominin-2 in others' epithelial tissues, and we cannot rule out the presence of some non-kidney-derived EVs in urine. Uromodulin is exclusively synthesized in the human kidney, but may also be expressed on the early distal convoluted tubule. Therefore, the cellular origin of p16 + EVs needs to be interpreted cautiously. Future studies including a larger sample size are needed to control for the possibility that medications affect urinary EVs levels. Last, EV characterization may be confounded by elevated levels of proteins in urine, 44 but proteinuria was not observed in our patients.
Notably, protein levels were measured in 24-hour urine of patients in the EH and RVH groups, but only a spot sample of urine in HVs.
Conclusions
The present study shows that levels of urinary EVs carrying markers of senescence and SASP are elevated in hypertensive patients compared with age-matched HVs. Furthermore, the origin of p16 + EVs, and thus cellular senescence, can be attributed to specific tubular segments and was confirmed by their correlation with renal cytokines release. These observations suggest that increased numbers of EVs p16 + in urine of hypertensive patients may reflect cellular processes and serve as an early marker of cellular senescence along the nephron. Additional studies are needed to study the utility of urinary EV signatures as diagnostic or prognostic tools in other forms of kidney disease states. These observations shed light on the mechanisms implicated in hypertension-induced renal injury. Our findings may help direct therapy for renal injury using senolytic drugs and highlight a biomarker that may indicate therapeutic success.
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